Despite an overall increase in total road salt used over the past 14 years (the data record in this manuscript), there has been a 26% reduction in the rate (normalized as tonnes of salt per cm of snow
INTRODUCTION
Snow and ice conditions on the road system have a significant impact on public safety, roadway capacity, travel time and economic costs (Keummel ) . In Canada, control of snow and ice on road pavements and sidewalks is generally achieved by a combination of de-icing with road salts and mechanical plowing. Each year, approximately 5 million tonnes of road salts are used as de-icers on roadways in Canada (Environment Canada ) . The City of Toronto, with about 5,500 km of dense road network (City of Toronto The larvae of some select rare and endangered Canadian freshwater mussels are also highly sensitive to chloride with concentrations as low as 113 mg/L causing harm to individuals in laboratory toxicity tests (Bringolf et al. ; 10,000 mg/L. Loadings are highest in urban centers including Toronto and Montreal (Mayer et al. ) .
Concentrations of chlorides are generally increasing in ground (Kincaid & Findlay ; Mullaney et al. ) and surface waters (Todd et al. ) in urbanized areas.
There may be a relationship between percent imperviousness and chloride concentrations in streams, based on work in the USA (Kaushal et al. ) , and implying that areas with an imperviousness of >30-40% are likely to have chloride concentrations in their surface waters of some 200-300 mg/L. The Code of Practice is an assemblage of best practice guidelines for reducing the use of road salts in municipalities that use large amounts of the product. Environment
Canada is encouraging municipalities that use more than 500 tonnes of road salt per year to implement the mitigations recommended in the Code. Municipalities that implement the best practices (including reduced application rates and more efficient timing of application) have been able to reduce chloride concentrations in groundwater by 50% over a 3-4 year period (Bester et al. ; Stone et al.
).
The ecological benefit of implementing the Code is questionable, considering that our road networks are continuing to expand and chloride loads to watersheds are increasing.
Estimating the ecological benefit of the Code of Practice requires an understanding of the relationship between exposure concentration (as well as frequency and duration) and ecological effect. Chloride tolerances determined from laboratory toxicity tests provide one line of evidence of the potential effects that chloride concentrations can have in the environment. USEPA () developed toxicity thresholds for chloride including a longer-term chronic criterion of 230 mg/L which is to be applied to exposure durations of 96 h or more, and a short-term acute criterion of 860 mg/L which is to be applied to exposure durations of 4 h or less. The Canadian Council of Ministers of the Environment (CCME) recently published a national guideline for chloride (CCME ). CCME recommended that concentrations of 640 mg/L would protect most species (95%) during short-term acute exposures, while 120 mg/L would protect most species under longer-term chronic exposures. CCME () further recognized that some watersheds in southwestern Ontario contain species of Unionidae (freshwater mussels; northern riffleshell -Epioblasma torulosa rangiana and the wavy-rayed lamp mussel -Lampsilis fasciola) that are not only highly sensitive to chloride during their larval stages (concentration lethal to 10% of larvae is ∼24 mg/L), but are rare and at risk of extirpation Salt application rates were scaled to road density and snowfall accumulation, and ultimately expressed as kg salt/km road/cm snow. Total length of salt-applied roads within the watershed was considered for the normalization as all roads drain to the stream network within a couple of hours due to lower roughness in storm sewer systems. The lag time in getting salty runoff to a stream is, therefore, much smaller than the time frame considered for shortterm exposure for aquatic organisms (generally 24-48 h).
METHODS

Normalized road salt loadings
A simple t-test was used to test for differences in normalized application rates between the period before (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) and the period after implementation of the Road Salt Code of Practice (2004) (2005) (2006) (2007) . The percent change in normalized road salt application rate was computed from before to after implementation of the Code.
Quantifying ecological benefit CCME () reviewed the existing chloride toxicity literature and developed a species-sensitivity distribution (SSD), which describes the expected distribution of species tolerances when exposed to chloride. CCME developed two curves: (1) the first SSD a was for acute, or short-term (24-48 h) exposure to chloride; and (2) the second SSD c was for chronic, or long-term (96 h or longer) exposure to chloride. Both SSDs were based on the set of taxa for which reliable toxicity data are available; data are not available for all of the tens of thousands of aquatic organisms that occur in surface water environments (creeks, streams, rivers, ponds, lakes) in Canada (Morton & Gale ) . The SSDs, which are approximately normally distributed, however, can generally be used to predict the percentage of species that will be affected when exposed to chlorides for short-or long-term periods. Both short-and long-term SSDs were considered well fit using a log-Weibull model with the following form (as per CCME ()):
where, y is the percentage of species affected, x is the logarithm of the chloride concentration, and λ and k are constants that define the shape and form of the relationship.
In the case of the short-term SSD, λ was 3.6268 and k was 10.9917; in the case of the long-term SSD, λ was 3.2119 and k was 7.0473. The SSDs are reproduced in Figure 4 .
The SSD models were used with the normalized reduction in road salt application rates to quantify a potential ecological benefit to having implemented the Road Salt Code of Practice. Here, the reduction in normalized road salt application rates was taken as an estimate of the reduction in chlorides that could be anticipated, all other factors being considered, after implementation of best practices post the Road Salt Code of Practice. So for example, if the normalized road salt loadings were to have decreased by 10% post implementation of best practices, it was assumed that chloride levels in surface waters in Toronto area streams would be roughly 10% lower than if the Code of Practice had not been implemented. It is recognized that there are various lags when chlorides transport to streams, and that some of the lags are considerable (e.g., decades in some cases). For the purpose of this paper, it was assumed that chloride loadings to watercourses responded immediately to reductions in application of road salt to roadways.
The ecological implication of that reduction was estimated considering the magnitude and form of the short-term and long-term SSDs. We computed the percentage of species that would be anticipated to benefit from reductions in chlorides (as per the estimated reduction in normalized road salt application rates), using both the short-term and long-term SSDs. (Table 1) . Over 50% of the variation in road salt application was related to cumulative snowfall (Figure 1) . A little less than 5% of the variation in salt application rate was related to road density (Figure 2 ). Salt application rates normalized for both road density and snowfall are illustrated in Figure 3 .
RESULTS
There was a subtle but distinctive reduction in road salt application rates in the period defined as being after the Road Salt Code of Practice was implemented. The difference (26% reduction in mean normalized salt application rate) was statistically significant at a probability level of 0.03%
(for a one-sided t-test).
Ecological benefit
The relationship between percent of taxa affected and chloride concentration was sigmoid in shape ( Figure 4 ). The percentage of species benefiting from a 26% reduction in chloride concentrations, therefore, varies from a negligible fraction when the chloride concentrations are already low (say <200 mg/L), to ∼14% when chloride concentrations decrease from ∼6,000 to 4,400 mg/L in a short-term acute exposure (Table 2; Figure 4 ). The percentage of species benefiting also depends on whether the exposure is short-or long-term, with a greater benefit occurring under shortterm acute exposure (Figure 4 ; Table 2 ). The ecological benefit was greatest within the zone of the SSD in which the slope of the relationship between species affected and concentration was the most extreme, for both the shortterm and long-term relationships. taxa. The estimated benefit: (1) assumes that the anticipated reduction in chloride loads is accurate;
DISCUSSION
(2) recognizes that there are time lags between changes in application rates and concentrations in surface waters;
(3) recognizes that chloride loads can be expected to generally increase in the future, regardless of implementation of the Code of Practice, and that aquatic species will more likely continue to be at an increasing risk; and (4) recognizes that other pollutants and stressors may override the influences of chlorides and further limit the distributions of aquatic organisms in heavily urbanized centers. Each of these points is discussed in greater detail below.
The estimated reduction in chloride concentrations in Toronto-area streams seems to be a reasonable observation based on other published works. In a review of the antici- load of some 26%, and there was a benefit to some 14% of possible taxa, then the number of taxa in the watercourse may increase by as many as 14-28 taxa. Such an increase in diversity is clearly measurable assuming a statistically robust study design (EC ). 
CONCLUSIONS
The Code of Practice appears to have contributed to a reduction in the 'normalized' road salt application by about 26%. Despite increasing urbanization and densification of road networks, a 26% reduction in normalized application means in the long term that chloride levels will at least not be increasing by that amount. SSD in contrast predicted between 1 and 14% of taxa would benefit from a 26% reduction in chloride concentrations in surface waters. Thus, the Road Salt Code of Practice can be expected to benefit up to 14% of potential freshwater taxa over the long term. We predict that we will not in the near 
